Background
Result
At 75% vaccination coverage by discharge, vaccination was cost-saving from the healthcare payer perspective in adults � 65 years and the ICER was $12,680/QALY (95% CI: 6,273-20,264) in adults 18-64 years and $2,400 (95% CI: -1,992-7,398) in all adults 18 + years. These resulted in~500 (95% CI: 439-625) additional averted MACEs/year for all adult patients aged �18 years and added~700 (95% CI: 578-825) QALYs. In the sensitivity analysis, vaccination becomes cost-saving in adults 18+years after about 80% vaccination rate. To achieve 75% vaccination rate in all adults aged � 18 years will require an additional cost PLOS 
Introduction
Annual influenza vaccination has long been recommended for adults with certain medical conditions including cardiovascular disease (CVD), diabetes, and chronic lung disease, because of the increased risk of influenza-related complications, including hospitalization and death [1, 2] . Influenza illness results in substantial economic impact, including costs related to outpatient and inpatient medical care, medications, lost productivity, decreased quality-of-life, and loss of life [3] . The association between influenza infection and acute myocardial infarction (AMI) or other major cardiac events has been established in the literature and CVD is the most commonly identified chronic medical condition among adults hospitalized with influenza [4] [5] [6] [7] . A recent study found a significant association between influenza infection and acute myocardial infarction [8] .
While multiple epidemiologic studies since the 1918 influenza pandemic have suggested an increased risk of severe influenza-related illness among persons with CVD, only more recent studies and meta-analyses have documented the benefits of influenza vaccination in preventing acute CVD-related outcomes among persons with existing CVD, specifically acute coronary syndrome (ACS) [9] [10] [11] [12] [13] . These studies define ACS to include acute ST-segment elevation myocardial infarction (STEMI), non-ST-segment elevation myocardial infarction (NSTEMI), and unstable angina (UA).
Despite long standing recommendations for influenza vaccination of high risk patients by the Centers for Disease Control and Prevention's (CDC) Advisory Committee on Immunization Practices (ACIP) [1] , the American Heart Association, and the American College of Cardiology [14] , only 50% of adults aged 18-64 years who have heart disease reported influenza vaccination in the 2012-2013 season [15, 16] , and only 48% of adults aged 18-64 years with any high risk condition for which influenza vaccination is recommended reported vaccination in 2015-16 (Fig 1) . To evaluate these recommendations, we estimated the cost-effectiveness of increased influenza vaccination rate against readmitted major adverse cardiac events (MACE) of patients hospitalized for ACS at the current vaccination coverage rate (status quo) and assuming the World Health Organization (WHO) recommended 75% vaccination [17] for the elderly is attained by all adults hospitalized with ACS. Vaccine effectiveness (VE) of 30-40% against MACE was based on estimates from the meta-analysis by Udell et al. [13] . For the purpose of this study, MACE is defined, as in Ciszewski et al., as a composite measure of subsequent re-hospitalization for ACS due to myocardial infarction, coronary revascularization, or cardiovascular death [10] .
Methods
We developed a spreadsheet-based Monte Carlo probabilistic model (@Risk version 7 Palisade Corporations) [19] in 2018 to estimate the cost-effectiveness of increased influenza vaccination in a single year's cohort (Fig 2) of ACS patients against readmitted MACE (S1 Table) . The or marketed products to declare. This does not alter our adherence to all the PLOS ONE policies on sharing data and materials, as detailed online in the guide for authors.
intended population is an estimated 625,000 ACS non-institutionalized (includes non-federal, short-term general, and other hospitals but excludes long-term care, rehabilitation and other institutions such as prisons) patient-discharges among persons, aged �18 years, in the United States [18, 20, 21] . Approximately 13% of these patients are classified as MACE after the ACS hospitalization [22] . Our model evaluates the protective benefit of influenza vaccination against MACE readmissions at the current vaccination rate among patients who report having cardiovascular disease and at 75% vaccination of admitted ACS patients. The health outcomes of interest are the number of MACE readmissions averted and the quality-adjusted life years (QALYs) gained. The model outputs are the incremental cost-effectiveness (ICER) of influenza vaccination against readmitted MACE at the current vaccination rate compared to a 75% vaccination rate pre-discharge in the natural units (cost/averted MACE) and in utilities (cost/ QALY). Attaining 100% vaccination rate is ideal but unrealistic, vaccine effectiveness varies yearly, and increasing vaccination rates will increase cost of vaccination, therefore, we additionally conducted sensitivity analysis among these uncertainties for vaccination rates up to 95%.
Statistical analysis
Incremental Cost Effective Ratio (ICER) = Incremental cost ((Sum of the total cost of MACE readmission and additional cost of vaccination in the increased vaccination scenario)-(Total cost of MACE readmissions in the status quo scenario))/Incremental effect (MACE averted (or QALYs gained) in the increased vaccination scenario-MACE averted (or QALYs gained) in the status quo scenario). We used the healthcare payer perspective over a one-year period. This perspective estimates the cost of resources utilized by patients including clinician time, hospital bed, medications, and other auxiliary services but excludes costs related to outpatient care, productivity losses and loss of life. We chose this perspective because the payers are the most likely to incentivize implementation of efforts to expand vaccination of ACS patients. Additionally, we conducted both cost-effectiveness analysis and cost utility analysis (using QALYs) over a year from the payer's perspective. We wanted to estimate the additional cost of reducing readmission rates of ACS due to influenza vaccination. We inflated all cost estimates to 2018 US dollars [23] . 
Model inputs
Vaccine effectiveness. Three randomized control trials and a meta-analysis demonstrate the secondary protective effect of influenza vaccination against cardiovascular events in patients diagnosed with ACS [9] [10] [11] 13 ]. Gurfinkel, et al. assessed the impact of vaccination on a triple endpoint (cardiovascular death, myocardial infarction or severe recurrent ischemia) or on cardiovascular death alone over 6 months in one study and over 12 months in a follow-up study [11] . Phrommintikul, et al. also assessed the impact on MACEs, including deaths, hospitalization for ACS, stroke, and heart failure for 12 months [9] . Finally, Ciskewski, et al. assessed the impact of influenza vaccination on secondary prevention of coronary ischemic events (MACE and cardiovascular death separately) for 12 months [10] . Udell, et al. performed a meta-analysis of these trials and estimated a relative risk of 0.64 [95% CI 0.48-0.86] for MACE but found no statistically significant influenza vaccine effective against cardiovascular deaths as a separate endpoint [13] . Therefore, we used vaccine effectiveness against MACE of 36% (HR: 0.64 (95% CI: 0.48-0.86) [ Table 1 ] and included vaccine effectiveness estimates of 30% and 40% in sensitivity analyses. We used the Beta probability distribution to describe the likelihood of any given level of vaccine effectiveness occurring. We based the model on trivalent influenza vaccination to reflect the vaccine used in these studies.
Vaccine coverage. We used 63.4% vaccine coverage (SD 8%) for adults' aged � 65 years and 48% (SD 12%) for 18-64 years (Table 1) . These estimates were based on 2015-16 influenza season CDC vaccination coverage surveillance [18] for older adults' aged � 65 years and for high-risk adults 18-64 years old. Influenza vaccination coverage for adults in the United States has been relatively stable over several years (Fig 1) .
Number of ACS patients. Our model assumes that patients were vaccinated once and since hospital discharges include patients who are readmitted, we estimated the number of unique ACS hospitalized patients (493,750) by subtracting estimated readmissions (21%), [24] [22] . We used the conservative estimate of 3.3% in the model and 12.9% in sensitivity analyses (Table 1) .
Cost data. The hospitalization cost of MACE was derived from HCUP [20] using hospitalization cost of AMI, which constitutes the majority of MACE cases including deaths; this estimated cost of nonfatal MACE hospitalizations from Korsenes, et al. [26] . HCUP provides cost data by age group (18-44 years, 45-64 years, 65-84 years, and �85years). The total cost for all ages, 18-64 years, or � 65years was calculated by using the HCUP age group category cost and the proportion of discharges in each HCUP age group. The cost of hospitalization for all ages was estimated to be $20, 246 ($23,040 in 2018 US$). The calculated cost for patient's aged �65 years was $19,543 ($22,241 in 2018 US$) and for 18-64 years, $21,157 ($24,077 in 2018 US$). The cost of vaccination was from Singhal and Zhang [27] , which estimated the cost of vaccination from claims data using MarketScan dataset at three sites of care: physicians' offices, pharmacies and other sites. Our model estimated the cost of vaccination based on the other sites estimate (Table 1) . We used gamma distribution for cost of admission and normal distribution for cost of vaccination.
Utilities. Life years gained, from potential averted deaths due to averted MACEs, was adjusted using utilities (0.76±0.22) of US patients after myocardial infarction [28] . We used 2016 US life expectancy at birth for the 18-64 year group, and life expectancy at 75 (12.2 years) for the �65 year group. [29] We used 55 years to represent the average age of the 18-64 year group based on the proportions in the HCUP MACE discharges and 75 years for the �65 years group. The probability of death from MACE is estimated at 8.6% [30] .
Sensitivity analysis
We used probabilistic sensitivity analysis, taking into account the parameter uncertainties in the model jointly. We also performed one-way sensitivity analyses on all parameters by using ±20% which will account for the fixed variables in the model. Additional one-way sensitivity analysis included using 12.9% prevalence rate [15] for MACE instead of the conservative 3.3% used in the model, [26] and changing readmission rate of ACS from 21% to 6.8% (as estimated by Arnold et al.) [31] Finally, we conducted two two-way sensitivity analyses. One model described the impact of increasing vaccination cost per person (in increments of $5) on incremental cost effectiveness ratios (ICER) at different vaccine effectiveness rates (30%, 36% (current), and 40%). Another model described the impact of increasing average vaccination coverage in all persons aged �18 years (vaccination coverage in �65 and 18-64 years were increased by increments of 5% from 75% to 95%) on ICER at different vaccine effectiveness rates (30%, 36% (current), and 40%). In practice, in order to increase vaccination rates, vaccinating those currently unvaccinated may require more resources (i.e., marginal costs increase). This will increase the average cost.
Results
In the base case analysis (current vaccination rate vs. 75% vaccination rate), an additional 500 (95% CI: 578-825) MACEs were averted at vaccine effectiveness of 36% against MACE and vaccine coverage of 63.4% for persons aged � 65 years and 48% for persons aged 18-64 year. Similarly, the number of QALYs added will be~600 (95% CI: 578-825). The additional influenza vaccination cost was $3 million ( Table 2) .
The ICER per MACE averted was~$3,000 (95%CI: -2,585-9,778) and ICER per QALY was $2,400(95%CI: -1992-7,398). The additional vaccination was cost-saving in adults aged � 65 years but $~12,700/QALY in adults aged 18-64 years. (Table 2 ).
In the one-way sensitivity analysis of all parameters in the model and as illustrated in the tornado diagram (Fig 3) , the variables with the most impact are vaccine effectiveness, cost of vaccine, vaccine coverage rate, and the cost of admission. Additionally, changing the probability of MACE from 3.3 to 12.9% did not have much impact on the results. In the two-way sensitivity analysis of changes in vaccination cost and vaccine effectiveness (Fig 4) , vaccination remained less than $16,000/QALY even if the cost of vaccination was doubled to $50 and vaccination effectiveness is estimated at 30%. In the second two-way sensitivity analysis, vaccination is cost-saving after~78% are vaccinated (at vaccine effectiveness of 40%),~80% for vaccine effectiveness of 36%, and~85% at vaccine effectiveness of 30%. (Fig 5) . 
Discussion
We estimated increasing vaccination from the current rate to 75% of ACS hospitalized patients against MACE to be cost-saving for adults aged � 65 years and favorable economically for adults aged 18-64 years. In a sensitivity analysis, the impact of increasing vaccination rate up to 95% was cost-saving for all adults after 80%.
The cost-effectiveness of influenza vaccination against additional use of healthcare resources has been established in the literature. For example, Patterson et al. reported, from the healthcare perspective, a cost-effectiveness ratio of $34,610 per life-year saved for adults �50 years, and $13,084 per life-year saved for adults � 65 years who get vaccinated against influenza in the emergency department [32] . In terms of benefit-cost-ratio (BCR), You et al. reported BCR of 6.39 if influenza vaccination is compared with no vaccination and BCR of 5.10 if influenza vaccination is combined with pneumonia vaccination against no vaccination in elderly people [33] . Mullooly, et al. and others found vaccination to be cost-saving in adults [34, 35] . Additionally, Prosser, et al. [36] calculated the cost-effectiveness of vaccination against the 2009 pandemic influenza A (H1N1) as cost-saving in persons aged 6 months to 64 years at influenza attack rates �15%, but can range from $8,000-$52,000/QALY depending on vaccination setting and risk-status.
Regarding the clinical benefits of influenza vaccination against MACE, the exact biological mechanism is unknown. However, studies have posited that inflammation from acute respiratory distress (influenza virus A and B) may trigger atherosclerotic plaque rupture resulting in AMI [11, 12] . Multifactorial mediators contribute to MACE among persons with existing CVD. Triggers of MACE include sympathetic stimulation, endothelial dysfunction, and procoagulant activation [12] . By preventing cardiovascular stress and inflammation due to acute influenza illness with fever, increased work of breathing, and inflammation, influenza vaccination may provide cardioprotective benefits and reduce the risk of adverse cardiovascular events.
Heart disease has been estimated to increase the risk of influenza-related hospitalization 2.7 fold [2] . The clinical benefits and economic value from our model findings suggest that initiatives to increase vaccination rates among patients with CVD could be good investments by third party payers and policy makers, especially for ACS-hospitalized patients.
For most adults aged � 65 years, the cost of influenza vaccination should not be a significant barrier. Medicare Part B includes influenza vaccination at no copay to beneficiaries and all but one state (Florida) include influenza vaccination as a benefit for patients on Medicaid [37] . The cost of influenza vaccination is commonly reported as a barrier to vaccination in Cost-effectiveness of increased flu vaccination surveys of patients. Use of standing orders for vaccination has been shown to significantly improve vaccination rates and may be considered as a strategy for vaccination of patients with CVD prior to hospital discharge and when seen for clinical outpatient care [38] . Pharmacists can also play a role by reminding patients on cardiovascular medications of the need for annual influenza vaccination.
This study is subject to the following limitations: our model was based on estimates from a meta-analysis of clinical trials that did not include cost data. Thus, costs were estimated using published data from the literature. Furthermore, many costs for patients, including costs for outpatient follow-up, and treatment after MACE hospitalization, nursing home, or other posthospitalization care after a MACE hospitalization were not included in the analyses, thus our estimate is a conservative estimate of the cost-effectiveness of influenza vaccination of patients with CVD. Our one-year horizon also implies that we are ignoring addition cost of survival from MACE in subsequent years. Additionally, we recognize that patients vaccinated at discharge might not have the full protection against influenza-related readmissions within may be the first two weeks. In the sensitivity analysis, we accounted for that by using lower vaccine effectiveness.
Conclusion
Adding influenza vaccination prior to discharge for patients admitted for ACS could substantially reduce subsequent re-hospitalization due to MACE. Achieving a vaccination rate of at least 80% could be cost-saving. All medical providers of patients with cardiovascular disease, including pharmacists, have a role in assessing patients' vaccination status at each clinical encounter, including hospital discharge, providing a clear recommendation for influenza vaccination, and offering influenza vaccination and other vaccines as indicated. Medical primary care providers, [39] specialty providers and other vaccine providers, including pharmacists could prevent MACEs during the influenza season by stocking influenza vaccines and recommending influenza vaccination for all adult patients with CVD each year. 
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